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An a n a l y t i c a l  s t u d y  wa8 made t o  d e t e r m i n e  i f  hydrogen  

c o u l d  be r e p l a c e d  by o t h e r  l i q u i d a  i n  t h e  I i C - 1 3 5  l i q u i d  be-  

t i a v i o r  tes ts .  For some of the proposed  t e s t s  an a n a l y s i s  

y i e l d e d  non-d imons iona l  pararoo t e r a  i n  which  f luic! p r o p e r t i e s  

p l n y e d  a n  i m p o r t a n t  r o l e  f o r  t h e  a c h i e v e m e n t  of s i rn i la r i  ty. 

h i t h  o t h e r  t e s t s ,  f l u i d  p r o p e r t i e a  d i d  n o t  e n t e r  i n t o  t h e  

p rob lem o f  s i m i l a r i t y .  

I t  W A S  f o u n d  t h a t  a number of l i q u i d s '  c o u l d  be u s e d  

f o r  the t e s t s .  Howev.:r, o t h e r  c o n s i d  1 r . r t i o n s  t lomin<ited 

t h e  s e l e c t i o n  of t e s t  f l u i d s .  I ,N2  was e e l e c t e d  f o r  t h e  

a l o s h i n g  t e a t  b e c a u s e  ~ i m i l a r i  t y  c o u l d  be a c h i e v e d  w i  t h  

l o w e r  c o n t a i n e r  a c c e l e r a t i o n s  w i t h  LNz t h a n  w i t h  o t h e r  

l i q u i d a .  l l ecauae  of  l i m i t e d  t e R t  s p a c e ,  low o c c e l e r  Itions 

a re  d o s i r e d .  The pr ime reqii i r e r i e n t  f o r  t h e  c o a l e s r e n c e  

t e u t s  is a " w e t t i n g "  l i q u i d  t h , t t  w i l l  r a p i d l y  api)rOaCh 

i t ' s  e q u i l i b r i u m  d i s t r i b u t i o n  i n  zero-a, T e s t e  w i l l  be 

c o n d u c t e d  w i t h  numerous l i q u i d s  in o r d e r  t h a t  a h i g h  re- 

a c t i o n  rate l i q u i d  may b e  s e l e c t e d  f o r  t h e  a e r o - g  t e s t  

program. 
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D i s c u s a i o n  a n d  R e a u l t s  

An i n v e s t i g a t i o n  was made t o  d e t e r m i n e  i f  8ome l i q u i d s ,  

o t h e r  t h a n  l i q u i d  h y d r o g e n ,  c a n  b e  i i s e d  i n  tho KC-155 l i q u i d  

b e h a v i o r  tests. The t e a t R  to be  a f f e c t e d  i f  l i q u i d  h y d r o g e n  

i a  r e p l a c e d  by a n o t h e r  l i q u i d  are c o a l e a c e n c e ,  s e t t l i n g ,  a n d  

s 1 o s h  i n c .  

I n  C e n e r a l ,  t h e  c r i t e r i a  u s e d  f o r  d e t e r m i n i n i r  i f  o t h e r  

l i q u i d s  c o u l d  r e p l a c e  l i q u i d  h y d r o g e n  was t o  f i n d  i f  t h e  iuotlel 

t e a t s  would be d y n a m i c a l l y  s imi l a r  t o  tlie l i q u i d  b e h a v i o r  i n  

the C e n t a u r .  F o r  dynamic s i m i l a r i t y  t o  be p o s s i b l e  t h e  model 

ond C e n t a u r  t a n k a  muet be q e o m e t r i c a l l y  e i m i l e r .  In addition, 

c e r t t t i n  d i r n e n a i o n l e e e  numbers, r e l a t : ! d  t o  the l i q u i d  p r o c e s s ,  

iouat be i d e n t i c a l  f o r  b o t h  niodel a n d  p r o t o t y p e .  T h e s e  dimen- 

~ i ~ n l e a s  numhers  a r e  o b t a i n e d  by n o n - d i m e n s i o n a l  i z i n p  t h e  

equa  t i o n f  of m o t i o n  w h i c h  i n c l u d e  t h e  c o n t i n u i t y  a n d  niomentum 

e q u a t i o n s  . 
T h e  i n v e s t i g a t i o n  ehowed t h a t  f o r  till caees  some l i q u i d  

o t h e r  than I~y~irogei i  coul r l  be  u s e d .  I n  soiae i n a t a i i c e s  l i q u i d  

p r o p e r t i e s  d i d  n o t  e n t e r  i n t o  t h e  s o l u t i o n .  The d i s c u s s i o n  

t h a t  f o l l o w s  o u t l i n e s  t h e  a p p r o a c h  t a k e n  t o  d e t e r m i n e  i f  t h e  

model t e a t s  c a n  s i m u l a t e  the f l u i i !  b e h a v i o r  i n  t h e  C e n t a u r .  

Cotb lescence  Teats. The p u r p o s e  of t h e  c o a l e s c e n c e  t e s t e  is 

t o  s i i a u l a t e  d i a t r i b u t i o n  of  f u e l  i n  t h e  C e n t a u r  d u r i n K  z"r0-g 

w i t h  a s c a l e  model  tank.  The s i m u l a t i o n  is t o  be  c a r r i e d  o u t  

w i t h  ~ n d  w i t h o u t  m u l t i p l e  s u r f i i c e  d e v i c e s  i n  t h e  mode l .  
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li,tve t ' i e  l i ~ ~ i i i ~ i  t o  gas voluinc r a t i o  o i '  t e s t  f l u i d  e q u a l  t h a t  

r x t i o  i n  the C e n t a u r ,  R motlel t e -  t i i3ing any w e t t i n y  f l u i d  

will r e s u l t  i n  i i  l i q u i d  !ti - t r i l , u t i o n  e x a c t l y  s imi l a r  t o  w h < i t  

wil 1 o v c i i r  i n  t h e  C e n t a n r  d i i r i n g  zero-!:. 

I l ecnuse  any  w e t t i n ! .  1 i ' l u i d  will e a t i a f j  t h e  c o a l e $ c e n c e  

t e s t s ,  i t  i s  recniwiended t i$. l t  a t i i t $ i  relicti jn rtitr l i c t u i d  €;e 

i i ac t l .  A l i  f u i d  nit11 a h i e h  r e . r c t i o n  r a t e  i s  d e f i n e d  here as 

one  t l i < i l  w i l l  a;) bronc1 i t s  e ~ l i i i l i h r i u m  c o n f i y u r s t i o n  r a p i d l y .  

S i n c e  the  e x p e c t e d  tiiiie i n  zero-g f o r  the morlel t e s t  w i l l  b e  

a p i i r o x i m a t e l y  7 t o  1 5  . seconds ,  and s i : t ce  a ri('ar o , i u i l i l ) r i u m  

1 i i i u i r '  d i s t r i b n t i o n  i s  d e s i r e d  r lu r in  7 the /,ero-l: p e r i o d ,  time 

i s  ;in impor t ; i i i t  f ( c t o r .  1)rop t e s t a ,  t h a t  produce ai! I rnx-  

i tn; i te ly  orit' secoi id  of  zer0-L: w i l l  be  c q n i i i c t e i l  ~ i O i  rt nuuiher 

o f  ~ i ~ ~ u i c l s  i n  o r d e r  t o  s e l e c t  a I i i y I t  r e . . c t i o n  riit<' I i i i i i d  for 

tlic ! ,C-1-13 t e s t s .  

'l'lie t r a n s i e t i t  h e h n v i o r  o f  li i i i i c l  a s  i t ,  ni !va i ices  t o  its 

e ( l ! i i l i b r iu i i i  d i s t r i h i i t i o r i  i o  a l s o  o f  i n t e r e s t ,  s i n c e  Itnow- 

l c d g e  o f  the  a p p r o x i ~ i  I t e  tir:ie t o  re;bcli p r o p e l l a n t  e t l u i l i h r i i i r n  

i n  the Cerr t i i i i r -  tiink would p e r m i t  a inore i n t . ( ? l l i  -erit e v a l u a t i o n  

oi' t h e  c o a l e s c i i i . :  s u r f t i c e s  nnrt i n t  l r ) ) r e t , : t i o n  o f  t1 .e  tieat 

t r < ~ i i s f e t .  diitLL t o  b r  c o l l + . c t e  i dur i ! , . !  t i i ~ .  c o a s t  p e r i o d s .  ' T h i R  

t r * ; i n s i e i i t  p e r i o d  i s  t o o  complex to t ) $ !  tlescri !ret1 a n a l :  t i r a l l y  

wi t l i  ( i n r  : ,reRt?:i t  :inowledrre o f  f l i i i : '  i : i o  t i o n  it] zero-(:. !low- 

e v e r ,  t i u e  t o  reacli e , ( u i l i h r i u i , i  I : I ; L ~  1)e ! t r e t l i c  t e d  f r o m  the t e H t  

:te'1ii!'nce L i t  t f o l l o w s :  

1. L i , l u i f l  Iiy"ro;;c>n arid a hiwll r e t t c  t i o n  I - i i t e  1 i I i r i r t  will 

he  t e s t e d  i n  the siltlie s i / e  c o n t a i n e r  an,!  t e i r  r a t e  

o f p ro 8: r e  s P t ow5 r (1s e ( 1  1 1  i 1 i 11 1- i urn c oinpa re ( I  . 
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2. The s e c o n d  f1u i : l  will be t e s t e d  i n  ii  l . i r g e r ,  ;:eometric,ii.Ily 

s imi lar  c o r i l a i n e r ,  and i t s  r e < i c t i o n  r;itc:i f o r  h o t h  

coritiliiner. cornpitred, ( I I o s ~ . . i b l y  drop  t e s t s  w i  t l t  i t  

stiiiller c o n t a i n e r  # i l l  ! ) e  o f  suf I i c i e i i t  d u r a t i o n  t o  

p r o v i d e  il t h i r d  v a l u e . )  

3 .  Ttic re , c  tiori r a t e  r a l . i o  betwe1.n l i , ! u i c l s  , t i i d  iretween 

f<(?o iAje tr i c , \ l  l y  Hiinilar c o n t a i n e r s  o f  d i f f e r e n t  s i ' e  

w i l  1 perrni t e x t r a p o l a t i o n  o f  i.he r e s i i l t r  wit11 hytlro,;f!n 

t o  tlbe a c t i i a l  Centaur c a e e .  ' l o p e f i i l l y ,  t h i s  extra- 

p o l i l t i o  w i l l  sl ipport t h e o r e t i c i l l  p r e : i i c t i o n s  whiah 

w i  1 1  h e  a ' t e m p t e d .  

S e t t l i : ~ ~ :  t ' e e t s :  The s e t t l i n : .  t e s t s  are f o r  ttie I)uryoae o f  

de terioii i int;,  from 1 i l O C l e I  t e s t i n i r ,  t h e  t i m e  r e q u i r e d  t o  a e t t l e  

p r o p u l 1 a n t 8  i o  the Centarir p r i o r  t o  each o f  i t a  e n g i n e  starts. 
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, \ p p l i c V ~ t i o n  o f  t1ie c q i i a t l o n  o f  mot ion  to  n fallin.?: 

s p h e r i c i i l  clrople t yield8 

where lo = inits8 o f  ? r o p l e t  

i = c l r o p i u  t vel oc it: pressure  psi 
2 A = t iropi i .  t croBs-scc  t i onnl a rea  in 
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d r o p p e d  from e q u a t i o n  (1) a n d  w e  h a v e ,  

E q u a t i o n  ( 2 )  ehows t h a t  f l u i d  p r o p e r t i e s  w i l l  n o t  a f f e c t  

s e t t l i n g  times o f  p r o p e l l a n t s .  T h e r e f o r e ,  C e n t a u r  f u e l  settl- 
i n g  c a n  be s i m u l < r t e d  w i t h  any l i q u i d  80 l o n g  a8 l reornetr ic  

s i m i l a r i t y  i s  a c h i e v e d .  

A p p l y i n g  t h e  e q u a t i o n  o f  m o t i o n  t o  t h e  c a s e  where  l i q u i d  

is w e t t i n g  the walls a n  a d d i t i o n a l  f o r c e  t c b r m ,  which i n c l u d e 6  

t h e  e f f e c t  of surface t e n s i o n ,  i s  added  t o  e q u a t i o n  (1 ) .  

where I) = t a n k  d i a m e t e r  i n .  

CY J s u r f a c e  t e n s i o n  l b / i n  

E q w t i o n  ( 3 )  d e s c r i b e s  s e t t l i n g  o f  l i q u i d  f l o w i n g  a l o n g  t h e  

t a n k  w a l l s  w i t h  s u r f a c e  t e n s i o n  f o r c e s  o p p o s i n g  t h e  f l u i d  

m o t i o n .  

I t  w i l l  be shown t h a t  s u r f a c e  t e n s i o n  f o r c e s  w i l l  b e  

v e r y  small  i n  t h e  C e n t a u r  a n d  c a n  be  i lcnored  f o r  a n y  s e t t l i n g  

s i m u l a t i o n  s t u d y .  Su r face  t e n s i o n  f o r c e s  o p p o s i n g  l i q u i d  

f l o w  a l o n g  t h e  w a l l s  d u r i n g  LIi2 s e t t l i n g  i n  the C e n t a u r  are 

e q u a l  t o  t h e  p r o d u c t  of s u r f a c e  t e n s i o n  a n d  t a n k  c i r c u m f e r e n c e .  

d ( m D )  = *  04 lb. For  t h e  s e a o n d  s tar t  t h e  aace lerCi t ion  

f o r c e s  t h  t o r e  a e t t l i n g  t h e  a p p r o x i m a t e  1200  l b .  of LI12 , 
are 18. 6 lb .  
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Thus i t  i a  s e e n  t h a t  surfnce t e n s i o n  f o r c e s  are i n s i g n i f i c a n t  

d u r i n g  C e n t a u r  f u e l  s e t t l i n g .  A l t h o u g h  t h e  m a g n i t u d e  of t h e  

s u r f a c e  t e n s i o n  t o  a c c e l e r a t i o n  f o r c e s  w i l l  be i n c r e a s e d  in 
t h e  model t e s t a ,  s u r f n c e  t e n s i o n  i orcee  will s t i l l  h e  in- 

s i g n i f  i o o n t .  I 
If t h e  drag term o f  e q u a t i o n  (3 )  i a  a l s o  l e f t  o u t ,  a s  

b e f o r e ,  b e c a u s e  t h e  d r a g  f o r c e s  a r e  small compared  t o  a c c e l e r -  

a t i o n  f o r c e a ,  e q u a t i o n  ( 3 )  becomes i d e n t i c a l  t o  e q u a t i o n  (2)  

S i n c e  f l u i d  p r o p e r t i e s  w i l l  n o t  t t f f ec t  p r o p e l l a n t  s e t t l i n g ,  

e q u a t i o n  ( 2 )  can b e  used t o  compute  LII2 s e t t l i n g  t imes  i n  the 

C e n t a u r ,  T h e r e f o r e  o n l y  a few B e t t l i n g  t c ~ t a  w i l l  be p e r f o r m e d  

t o  s u b s t a n t i , i  t e  c o m p u t a t i o n s  ; t h e y  w i l l  b\! combined w i t h  t h e  

s l o s h i n g  t c s t u .  I t  i A  p o s e i b l e  t o  combine s e t t l i n g  w i t h  

s l o s h i n : !  t e s t s  b e c a u s e  t h e  i n i t i a l  phase  of  t h e  s l o s h i n g  t e a t s  

r e , j u i r e s  p r o p e l l a n t  s e t t l i n l : .  I t  i a  o n l y  a f t e r  l i q u i d  h a s  

b e e n  a c c e l e r a t e d  t o  o n e  e n d  o f  t h e  t a n k  t h a t  s losh in : :  c a n  

be o b e e r v e d .  

S l o s h i n g  Tests: Tlre t a n k  model  s l o s h i n g  t e s t s ,  i f  p r o p e r l y  

s i m u l a t e d ,  w i l l  i n d i c a t e  i f  s l o e h i n g  i n  t h e  C e n t a u r  fue l  tank 

d u r i n g  s e t t l i n g  w i l l  11:: a problem.  

An a n a l y e i a  of t h e  p r o p r i e t y  of e i m u l n t i n g  C e n t a u r  f u e l  

s l o s h i n g  by t e s t i n q  with a model has b e e n  p e r f o r m e d .  

a p p r o a a h  t a k e n  w a s  t o  n o n - d i m e n s i o n a l i z e  t h e  g e n : ~ r a l i z e d  

c o n t i n u i t y  and  momentum e q u a t i o n s .  

three d i m e n s i o n l e s s  numbers  t h a t  by t.he laws of s i m i l a r i t y  

‘rhe 

The p r o c e s a  y i e l d e d  
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must be t h t *  stfiiie f o r  t h e  m o d e l  t e s t  as f o r  t h e  C e n t a u r .  

Tlieee nuinhers were  t h e  F r o u d e ,  Weber, and  l l e y n o l d s  numhera. 

I t  a p p e a r s  t h a t  s i m i l a r i t y  w i t h  a l l  t h r e e  dirnc*nsionleae 

numbers  i s  n o t  p o s s i l ~ l e  b e c a u s e  :L l i q u i d  \ \ i t h  s u i t a b l e  p r o p -  

e r t i e s  cn i ino t  b e  f o u n d .  V i s c o R i  t y  e f f  e c  t R  have a l w a y s  b e e n  

n e g l e c t e d  i n  t h e o r e t i c a l  a n a l y s e s  on sloshing. T h i s  i s  equiv- 

a l e n t  t o  n e g l e c t i r i * r  the i n f l u e n c e  of i i eynold  number. P h e r e -  

f o r e  o n l y  F r o u d e  and ' ( e b e r  numbers  w i l l  b e  e i m u h t e d  i n  t h e  

taodel t e s  t s .  

TJsing l i q u i d  p r o p e r t i e s  n o d  t a n k  a c c e l  : r a t i o n  o f  t h e  

eiodel t e s t  as  v a r i . ~ b l e s  a n  a t t e m p t  was made t o  d e t e r m i n e  w'lich 

c o m b i n a t i o n  o f  l i q u i d  and  a c c e l e r a t i o n  wniiltl n o t  o n l y  a a t i R f y  

t h e  d i m e n s i o n l e s s  numbers ,  b u t  be s u i t a b l e  f o r  t h e  a i r p l a n e  

t e s t s .  S i n c e  t e s t l n r l  w i l l  hc  per former!  i n  c o n f i n e d  s p a c e s  

t i ie  t a n k  a c c e l e r a t i o n  s h o u l d  h e  R minimum. Xesul tH o f  an 

a n a l v s i s  sho~vert t h a t  uein:: l i q u i d  nitrotyen as a t e s t  f l u i d  

will r e s i i l t  i n  tlle rtiininium t a n k  a c c e l e r a t i o n  o f  0 .20  g ' s .  

Tlleret 'ore  i t  i a  aauggosted t h a t  LN2 be u s e d  as t!ie f l u i d  f o r  

s l o s h i n r i  t e s t s .  

T e s t  r e s u l t s  w i l l  show t h e  t ime r e q u i r e d  f o r  l i c l u i d  

dampinK t o  o c c u r .  

I l e f e r e n c e e :  

1. C o n v a i r  R e p o r t  $60-0682 

2. C o n v a i r  l i e p o r t  Ai3:AO-0942 


